Shading by Napier Grass Reduces Malaria Vector Larvae in Natural Habitats in Western Kenya Highlands by Wamae, Peter M. et al.
Shading by Napier Grass Reduces Malaria Vector Larvae
in Natural Habitats in Western Kenya Highlands
Peter M. Wamae,
1 Andrew K. Githeko,
1 Diana M. Menya,
2 and Willem Takken
3
1Climate and Human Health Research Unit, Centre for Global Health Research, Kenya Medical Research Institute (KEMRI), P. O. Box 1578-40100,
Kisumu, Kenya
2Department of Epidemiology and Nutrition, School of Public Health, Moi University, P. O. Box 4606, Eldoret, Kenya
3Laboratory of Entomology, Wageningen University and Research Centre, P. O. Box 8031, 6700 EH Wageningen, The Netherlands
Abstract: IncreasedhumanpopulationintheWesternKenyahighlandshasledtoreclamationofnaturalswamps
resultinginthecreationofhabitatssuitableforthebreedingofAnophelesgambiae,themajormalariavectorinthe
region.Herewereportonastudytorestorethereclaimedswampandreverseitssuitabilityasahabitatformalaria
vectors. Napier grass-shaded and non-shaded water channels in reclaimed sites in Western Kenya highlands were
studied for the presence and density of mosquito larvae, mosquito species composition, and daily variation in
water temperature. Shading was associated with 75.5% and 88.4% (P < 0.0001) reduction in anopheline larvae
densities and78.1% and 88% (P < 0.0001) reduction in Anopheles gambiae sensu lato (s.l.) densities in twosites,
respectively. Shading was associated with a 5.7C, 5.0C, and 4.7C, and 1.6C, 3.9C, and 2.8C (for maximum,
minimum, and average temperatures, respectively) reduction (P < 0.0001) in water temperatures in the two
locations, respectively. An. gambiae s.l. was the dominant species, constituting 83.2% and 73.1%, and 44.5% and
42.3%,ofanophelinesinnon-shadedandshadedchannels,respectively,inthetwosites,respectively.An.gambiae
sensu stricto (s.s.) constituted the majority (97.4%) of An. gambiae s.l., while the rest (2.6%) comprised of
Anopheles arabiensis. Minimum water temperature decreased with increasing grass height (P = 0.0039 and
P = 0.0415 for Lunyerere and Emutete sites, respectively). The results demonstrate how simple environmental
strategies can have a strong impact on vector densities.
Keywords: Anopheles gambiae s.l., mosquito breeding, Napier grass, water channels, larval density, water
temperature
INTRODUCTION
Land-use changes have led to the creation of anthropo-
genic larval habitats suitable for malaria vectors, and thus
have increased malaria transmission in the Western Kenya
highlands. In recent times, increased human population
pressure has led to the clearance of natural swamps,
massive deforestation and the cultivation of crops in the
valley bottoms (Munga et al., 2006; Mushinzimana et al.,
2006). These changes can create ideal conditions for
vector proliferation and increased malaria transmission
(Briet et al., 2003) and also alter the local microclimate in
favor of malaria transmission (Lindblade et al., 2000).
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conﬁned to the valley bottoms because the hillside gradi-
ents provide efﬁcient drainage (Minakawa et al., 2004;
Githeko et al., 2006) and appropriate management of these
habitats can suppress malaria transmission (Minakawa
et al., 1999).
The productivity of a given larval habitat is affected by
both biotic and abiotic factors. In that regard, shading
decreases photosynthesis at the level of the aquatic habitat
and thus impairs the larval food chain. For example, Tuno
et al. (2005) reported diminished populations of An.
gambiae s.l. and other invertebrate fauna in shaded forest
habitats in Western Kenya highlands
This study tests the hypothesis that intentionally
shading the habitats of immature malaria vectors in wet-
lands will alter the densities of the anopheline larvae and
their relative species composition as a result of reduced
water temperature. Under natural conditions An. gambiae
s.l. adults were shown to emerge only from farmland
habitats, but not from forest and swamp habitats (Munga
et al., 2006). The great majority of An. gambiae s.l. adults
were collected within a distance of <500 m from the valley
bottoms where streams, rivers and reclaimed swamps were
located (Minakawa et al., 2005a; Munga et al., 2006).
Studies of the spatial distribution on the spatial distribu-
tion of plasmodium parasites in humans and the associated
malaria vectors in the same area suggested that transmis-
sion was focal and that targeted vector control was feasible
(Minakawa et al., 2005a; Githeko et al., 2006; Zhou et al.,
2004).
The rate at which a mosquito larva develops is
dependent on the prevailing temperature, development of
An. gambiae s.l. mosquito larvae ceases at temperatures
below 16C and below 14C they die. Temperature affects
the rate of larval development, pupation rates (Paaijmans
et al., 2008; Munga et al., 2006); larval survivorship (Tuno
et al., 2005); larval-to-adult survivorship and larval-to-
adult development time (Afrane et al., 2005). The presence
of An. gambiae s.l. and An. funestus in natural aquatic
habitats in the Western Kenya highlands was inversely re-
lated to canopy cover (Minakawa et al., 2002).
An. gambiae s.l. generally avoids standing water pop-
ulated with vegetation (Minakawa et al., 1999; Mutuku
et al., 2006a, b), however, An. gambiae s.l. larvae can
commonly be found in habitats with emergent grasses
(Minakawa et al., 2004). An. gambiae s.l. females deposited
signiﬁcantly more eggs in rainwater than in waters from
forests and wetlands, suggesting that An. gambiae s.l. pre-
fers water with few impurities (Munga et al., 2005).
The cultivation of swamps increases water tempera-
tures by exposing the immature habitats to direct sunlight
thus reducing the larval to adult developmental time of An.
gambiae s.l. in the cool highlands of Western Kenya
(Minakawa et al., 2004). The amount of sunlight reaching
the water and associated water temperature changes
through the removal of canopy inﬂuences not only the
quantity, but also the species composition of photosyn-
thetic aquatic biomass, which may inﬂuence the larval food
chain in favour of immature anophelines.
Informed larval interventions that target the more
proliﬁc habitats have been suggested to have great potential
in combating malaria (Killeen et al., 2006; Gu and Novak,
2005), especially at a local, rather than nationwide scale
resulting in increased cost-effectiveness of the operation.
Vector control programs with community participa-
tion have signiﬁcant and lasting impacts on vector density,
and are more cost-effective than vertically structured pro-
grams (Geissbuhler et al., 2009). In addition, the programs
often integrate with other health or development programs,
promote an enduring sense of pride in home and com-
munity, and make use of politically viable vector control
strategies (Bryan et al., 1994; Hahn et al., 2009). The
present study investigated the effects of intentionally
shading mosquito breeding habitats using Napier grass on
mosquito larval populations, species composition and wa-
ter temperatures.
MATERIALS AND METHODS
Study Area
This study was conducted in the Lunyerere and Emutete
areas located in the Vihiga and Emuhaya districts, respec-
tively, in the highlands of Western Kenya. Lunyerere is
situated at an altitude of 1538 m above sea level,
00.10307 N and 34.72157E, while Emutete, 1545 m above
sea level, is at 00.02854 N and 34.64003E. Both areas
experience monthly mean temperatures ranging between
12C and 29C, with two rainy seasons in March to May
and September to November. The other months are rela-
tively dry. According to observations by the Kakamega
meteorological station, the 1960–1999 average annual
rainfall in the region was 1977 mm, mean minimum
486 Peter M. Wamae et al.temperature was 13.8C, and a mean maximum tempera-
ture was 28.0C.
Topographical features in these highland areas com-
prise hills, valleys, and plateaus, with small rivers and
streams running along the valley bottoms. Swamps are a
common feature in valleys. The characteristic broad, ﬂat
valley bottoms, surrounded by undulating hills, make these
areas prone to ﬂooding, especially during the rainy season.
According to Githeko et al. (2006), malaria parasite
prevalence among school-going children in an area bor-
dering Lunyerere was approximately 68%. Following the
scaling up of mosquito control interventions, in particular
insecticide-treated bed-nets, the parasite prevalence levels
have dropped to below 20%. Parasite prevalence among
school-going children in Emutete is estimated at 44.3%
(Fillinger et al., 2009).
Until around 1999, both sites were natural swamps
dominated by papyrus (Cyperus papyrus). The cultivated
swamps are now used for small-scale subsistence farming
with maize, beans, vegetables, sweet potatoes, arrowroots,
and Napier grass being grown as a livestock feed.
Study Design
The ﬂood-prone, ﬂat-bottomed valley requires extensive
drainage to prevent crop damage, particularly during the
rainy season. The design, arrangement, and network of
drainage channels in the study areas have been graphically
illustrated in Figure 1.
The depth of water in drainage channels ranges
between 25 and 35 cm in the two sites (Lunyerere and
Emutete). The depth, width, and length of the channels
varied from one plot to another, depending on the actual
plot location, size, and the plot owner. The water channels
in Lunyerere had an average length of 5.5 m compared to
8.5 m in Emutete. The channels had an average width of
0.5 m in the two sites.
Three factors were considered in selecting the study
channels, namely, slow-ﬂowing water, permanent channel,
and plot owners consent to plant the Napier grass. Infor-
mation about the persistence of water in the channels was
obtained from the farmers. A total of 22 drainage channels
(12 in Lunyerere and 10 in Emutete) were selected. A
randomized controlled study design was used in allocating
non-shaded and shaded plots. The process involved listing
the selected drainage channels, assigning each an identiﬁ-
cation number, and randomly assigning individual chan-
nels intervention or non-intervention status (Fig. 2a, b).
Napier grass (Pennisetum purpureum) was planted on
both sides of the entire length of drainage channels assigned
intervention status. The non-intervention channels were
left unplanted, hence open and exposed to direct sunlight.
The usual farm activities, including the occasional cleaning
and draining of water channels and land cultivation, went
on uninterrupted throughout the study period, thus
ensuring that conditions remained as natural as possible.
Larval Densities
Larval sampling was conducted weekly at each of the
sampling locations (water channel) using the standard
dipping method (WHO, 1975; Service, 1993). The process
involved random sampling with no effort made to deter-
mine larval concentrations and their distribution within
each habitat. The number of dips taken at each sampling
plot was proportional to the size of channel, as sizes varied
from plot to another; a constant number of dips across all
larval plots would have introduced bias in the study results.
The mean larval densities for each channel were calculated
based on the actual number of dips. Mosquito larvae col-
lected were differentiated in the dipper into anophelines or
culicines, depending on whether they ﬂoat parallel with the
water surface (anopheline) or hang down from the surface
(culicines) (Rozendaal, 1997). Counting and recording was
performed on site before proceeding to the next sampling
plot. Anopheline larvae were preserved in plastic vials
containing 96% ethanol, carefully sealed, placed, and
transported in cool boxes to the laboratory for further
analysis.
Figure 1. Graphic of the cultivated valley bottoms showing the
design and arrangement of drainage channels.
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In the laboratory, the anopheline larvae were removed from
the plastic vials and preserved in new vials containing fresh
ethanol. The contents of each vial were poured into a glass
Petri-dish and larvae sorted according to their respective
developmental stages, i.e., early instars (1st and 2nd instars
larvae); late instars (3rd and 4th instars). All larvae were
identiﬁed morphologically to the species level (Gillies and
Coetzee, 1987). Randomly selected samples of An. gambiae
s.l. larvae were subjected to the DNA-based polymerase
chain reaction (PCR) to determine the proportion of the
sibling species of An. gambiae s.s. and Anopheles arabiensis
Patton in the sample (Scott et al., 1993).
Water Temperature
Water temperatures in both non-shaded and shaded sites
were recorded with the water-resistant temperature loggers
(Optic Stowaway Temperature Logger, Onset Computer
Corporation, Bourne, MA) at 1-minute intervals. Data
loggers were carefully secured into the water to record
temperature in the upper water layer. The data were
downloaded using Box car Pro 4.3 software program once
each month, re-launched, and returned to their respective
locations.
Napier Grass Height
The height of Napier grass was recorded at every stage of
larval sampling. Data were collected between November
2006 and August 2007, and January 2007 to August 2007,
for Lunyerere and Emutete sites, respectively.
Ethical Consideration
The study was approved by the Scientiﬁc Review Com-
mittee (SSC) of the Kenya Medical Research Institute
(KEMRI), Protocol KEMRI SSC# 1121. Verbal informed
consent was obtained from selected plot owners before
accessing their land.
Statistical Analysis
Data entry, transformation, and analysis (sums, means,
and proportions) of larval reduction levels were carried
out in Microsoft Excel. Regression and analysis of vari-
ance (ANOVA) were carried out using the JMP version
5.0.1 (SAS Institute, Cary, NC) program to test for dif-
ferences in larval density between the shaded and non-
shaded water channels. Correlation and regression anal-
ysis were used to determine the association between
height of the grass and larval densities and water tem-
perature.
Monthly larval and temperature data were log trans-
formed to stabilize variances and then used to calculate the
geometric means and 95% conﬁdence intervals. The results
were then back-transformed. All statistical analyses results
were compared at a 5% level for signiﬁcance.
RESULTS
Species Composition
In Lunyerere, a total of 173 and 252 sampling visits were
made to the non-shaded and shaded sites, respectively.
Figure 2. Non-shaded (open)( a)
and Napier grass-shaded (b)c h a n -
nels as seen in the ﬁeld.
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gambiae s.l. larvae on at least one occasion. In non-
shaded sites, a total of 627 larvae (53.3% anophelines
and 46.7% culicines) and 115 pupae (47 anophelines and
68 culicines) were collected. In the shaded sites, 303
larvae (27.1% anophelines and 72.9% culicines) and 98
pupae (8 anophelines and 90 culicines) were collected
(Table 1).
In Lunyerere, 416 anopheline larvae were collected,
comprising 334 (80.3%) and 82 (19.7%) larvae from
non-shaded and shaded sites, respectively. Larvae from
the non-shaded channels comprised of 45.5% early in-
stars and 54.5% late instars larvae, whereas larvae from
shaded channels comprised of 41.5% and 58.5% early
and late instar larvae, respectively. A total of 55 anoph-
eline pupae were collected, comprising 47 (85.5%) from
the non-shaded channels and 8 (14.5%) from shaded
channels.
In Emutete, 131 and 132 sampling visits were made in
non-shaded and shaded sites, respectively. All (100%) the
study plots had An. gambiae s.l. larvae on at least one oc-
casion. A total of 1855 larvae (65.9% anophelines and
34.1% culicines) and 52 pupae (9 anophelines and 43
culicines) were collected in the non-shaded sites, while in
the shaded sites, 704 larvae (20.2% anophelines and 79.8%
culicines) and 38 pupae (2 anophelines and 36 culicines)
were collected (Table 1).
A total of 1365 anopheline larvae comprising 89.6%
and 10.4% from the non-shaded and shaded channels,
respectively, were collected (Table 1). In non-shaded
channels, the anopheline larvae consisted of 793 (64.8%)
early and 430 (35.2%) late instars larvae, respectively,
whereas larvae from shaded channels consisted of 95
(66.9%) and 47 (33.1%) early and late instar larvae,
respectively.
Morphological identiﬁcation (Table 1) of the Anoph-
eles larvae sampled revealed the presence of a variety of
species in varying proportions. These included An. gambiae
Giles, An. funestus Giles, An. squamous, An. coustani La-
veran, An. ruﬁpes Gouph, An. marshalli Theobald, An.
maculipapis Giles, An. azaniae Bailly-Choumara, An. ﬂav-
icosta Edwards, An. pretoriensis Theobald, and An. im-
plexus Theobald.
The anopheline pupae collected were not distinguished
to the species level.
An. gambiae s.l. was the dominant species complex
collected, irrespective of whether the channel was shaded or
not.
PCR Analysis
The principal malaria vectors in the Anopheles gambiae
sensu lato (s.l.) complex are Anopheles gambiae sensu stricto
and Anopheles arabiensis. Polymerase chain reaction (PCR)
analysis was conducted on 329 samples (187 and 142
samples from Emutete and Lunyerere sites, respectively).
The An. gambiae s.l. samples from Emutete comprised of
150 and 37 samples from non-shaded and shaded channels,
respectively, while An. gambiae s.l. from the Lunyerere site
comprised of 74 and 68 samples from non-shaded and
shaded channels, respectively. A total of 56 samples (32
from Emutete and 14 from Lunyerere) failed to amplify,
thus could not be identiﬁed. This could have resulted due
to misidentiﬁcation of samples, for example, An. christi
larvae may have been identiﬁed as An. gambiae s.l. because
the larvae of the two species are nearly identical.
Results showed that An. gambiae s.l. comprised of
97.7% and 96.7% of An. gambiae s.s. in the non-shaded
channels as compared to 100% and 89.5% in shaded
channels (for Emutete and Lunyerere sites, respectively.
The rest comprised of An. arabiensis Patton.
Larval Densities (Lunyerere)
In testing the differences in larval densities between the non-
shaded and shaded channels, one-way ANOVA was used.
The mean densities of anopheline larvae were signiﬁcantly
higher (F1, 424 = 67.63, P < 0.0001) in the non-shaded
channels compared to shaded channels (non-shaded: mean
0.19 ± 0.21 vs. shaded: mean 0.03 ± 0.01 larvae per dip)
(Table 1). Differences (F1, 424 = 39.95, P < 0.0001) were
observed in the mean densities of An. gambiae s.l. between
non-shaded (1.61 larvae per dip) and shaded (0.24 larvae
per dip) sites (Table 1).
Shading was associated with 78.4% and 23.1% (for An.
gambiae s.l. and An. funestus, respectively) reductions in
larval densities observed in Lunyerere (Table 1). The
overall reduction associated with shading in the combined
densities of larvae belonging to An. gambiae s.l. and An.
funestus species shading was 75.9% (Table 1).
Monthly densities of anopheline larvae showing ob-
served variations in both the non-shaded and shaded water
channels is clearly illustrated in Figure 3. The non-shaded
channels in Lunyerere had their highest densities (0.39
larvae per dip) in the month of March and the lowest (0.01
larvae per dip) in December, whereas the shaded channels
had their highest densities (0.01 larvae per dip) in the
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490 Peter M. Wamae et al.month of March, and other months had no larvae collected
(Fig. 3a).
Larval Densities (Emutete)
A one-way ANOVA was used to test for the differences in
larval densities between non-shaded and shaded channels.
The mean densities of anopheline larvae were signiﬁcantly
higher (F1,262 = 93.87, P < 0.0001) in the non-shaded
channels compared to shaded ones (non-shaded: mean
0.93 ± 0.06 vs. shaded: mean 0.11 ± 0.06 larvae per dip)
(Table 1). Signiﬁcant differences (F1,262 = 91.92, P <
0.0001) were observed in the mean densities of An. gambiae
s.l. larvae between non-shaded (0.38 larvae per dip) and
shaded channels (0.05 larvae per dip). In the non-shaded
channels, the highest densities (1.4 larvae per dip) were
observed in the month of February compared to the lowest
(0.4 larvae per dip) in August, whereas in the shaded
channels, highest densities (0.2 larvae per dip) were ob-
served in April compared to lowest densities (0.01 larvae
per dip) in August.
Differences (F = 2.4159, df = 9, P = 0.0134 and
F = 1.1081, df = 7, P = 0.0043 for Lunyerere and Emutete
sites, respectively) were observed in the monthly densities
of anopheline larvae in non-shaded channels unlike in the
shaded channels (F = 0.9521, df = 9, P = 0.4806 and
F = 1.1081, df = 7, P = 0.3622).
Lunyerere Water Temperatures
A one-way ANOVA was used to test for differences in water
temperatures between non-shaded and shaded channels.
The mean temperatures were signiﬁcantly higher,
F1,287 = 204.07, P < 0.0001; F1,287 = 902.37, P < 0.0001;
and F1,287 = 510.65, P < 0.0001, for maximum, mini-
mum, and average temperatures, respectively, in non-sha-
ded channels compared to shaded ones during the period
November–May (Fig. 4). Mean surface water temperatures
of 26.2C, 19.8C, and 22.2C for maximum, minimum,
and average temperatures, respectively, were observed in
non-shaded sites compared to temperatures of 20.5C,
14.9C, and 17.6C observed in shaded channels. Signiﬁ-
cant differences (P < 0.0001) were observed in monthly
mean temperatures between non-shaded and shaded
channels. Mean water temperatures of 26.5C (95% CI:
26.5–26.6C) and 21.7C (95% CI: 21.6–21.9C); 20.0C
(95% CI: 20–20.1C) and 14.7C (95% CI: 14.7–14.75C)
for maximum (Fig. 4a) and minimum (Fig. 4b) tempera-
tures, respectively, were observed in non-shaded and sha-
ded channels, respectively.
Emutete Water Temperatures
A one-way ANOVA was used to test for differences in water
temperature between non-shaded and shaded channels.
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Figure 3. Monthly dynamics of
anopheline larval densities in
non-shaded and shaded water
channels.
Mosquito Control Through Habitat Modiﬁcation 491The mean temperatures were signiﬁcantly higher,
F1,1887 = 224.3, P < 0.0001; F1,1887 = 7162.7, P < 0.0001;
and F1,1887 = 2297.6, P < 0.0001, for maximum, mini-
mum, and average temperatures, respectively, in the non-
shaded channels compared to shaded channels (Fig. 5).
Mean water temperatures of 22.2C, 21.1C, and 21.7C for
maximum, minimum, and average temperatures were ob-
served in the non-shaded channels compared to tempera-
tures of 20.9C, 17.1C, and 18.9C observed in shaded
channels.
Mean maximum water temperatures of 25.9C (95%
CI: 25.8–26.1C) were observed in non-shaded sites as
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492 Peter M. Wamae et al.opposed to 22.96C (95% CI: 22.87–23.04C) in shaded
sites (Fig. 5a). Mean minimum water temperature of
19.6C (95% CI: 19.6–19.7C) was observed in non-shaded
sites compared to17.7C (95% CI: 17.6–17.7C) in shaded
channels (Fig. 5b).
Temperature and Height of Napier Grass
At the Lunyerere site, a negative association was observed
between the water temperature and corresponding height
of Napier grass (r = -0.2048, P < 0.5231 and r =
-0.7629, P = 0.0039 for mean maximum and minimum
temperatures, respectively). There was positive association,
though not signiﬁcant (r = 0.4216, P = 0.1723) between
the average water temperature and the height of grass.
In Emutete, a negative association was found between
water temperatures and height of grass (r = -0.6346,
P = 0.0664; r = -0.6856, P = 0.0415; and r = -0.6764,
P = 0.0455 for average maximum, minimum, and average
temperatures, respectively).
In both sites, the strongest association was found be-
tween the mean minimum water temperature and average
height of grass (r = -0.7629 and r = -0.6856 for Lunye-
rere and Emutete sites, respectively).
An. gambiae s.l. Larval Density and Height of Grass
A negative association was observed between the mean
densities of An. gambiae s.l. and the corresponding height
of grass in both sites (r = -0.4935, P = 0.1030 and r =
-0.7084, P = 0.0046 for Lunyerere and Emutete sites,
respectively). The lowest densities of anopheline larvae
were observed when Napier grass was 80–99 and 100–
119 cm in height for Lunyerere and Emutete sites, respec-
tively.
DISCUSSION
This study demonstrates the impact of the intentional
shading of cultivated-swamp habitats in Western Kenya
highlands. Shading of these habitats with Napier grass re-
duces the density of immature mosquitoes, and potentially
changes the local population structure of important disease
vectors, including An. gambiae s.l. larvae. The only
anopheline that could potentially increase due to Napier
grass are An. ziemmani, An. coustani, An. christi, An.
pharoensis, An. maculipalpis, and An. pretoriensis, all of
which are zoophilic and non-vectors in malaria transmis-
sion.
Mosquitoes are among the most sensitive insects to
environmental change; their survival, density, and distri-
bution are dramatically inﬂuenced by small changes in
environmental conditions, such as temperature, humidity,
and the availability of suitable breeding sites (Martens,
1998; Molyneux, 1998; Grillet, 2000).
When natural swamps are cultivated, pools of water are
exposed to direct sunlight, leading to elevated temperature
and algae content, and consequent proliﬁc breeding of An.
gambiae s.l. (Minakawa et al., 2004; Afrane et al., 2005;
Kaufman et al., 2006; Munga et al., 2006).
Shading reduces direct sunlight and lowers the water
temperature, an abiotic factor that affects the survival and
development rates of Anopheles gambiae s.l. (Paaijmans
et al., 2008). An. gambiae s.l. exploits the increased re-
sources in warmer, open habitats that tend to produce
more algae, the main food source for An. gambiae s.l., than
shaded habitats (Merrit et al., 1992; Gimnig et al., 2002).
According to Service (1977), shading reduces the amount
of algae. High mortality of An. gambiae s.l. larvae in large
and shaded habitats has been suggested as the main reason
for the low densities in such habitats, compared to high
densities in open and temporary aquatic habitats (Minak-
awa et al., 2004, 2005b).
Development of 4th instar larvae ceases at water tem-
perature below 16C (Bayoh and Lindsay, 2004). Low
minimum temperatures in the shaded channels habitats are
likely to have resulted in delayed larval development and
increased mortality (Bayoh and Lindsay, 2003).
Differences in the larval survivorship between the non-
shaded and shaded channels may explain the observed
differences in their larval densities. The amount of sunlight
received by an aquatic habitat and the secondary effects of
sunlight on photosynthesis, algal or bacterial growth, may
be more important determinants of food chains and larval
survivorship in aquatic habitats. Tuno et al. (2005) dem-
onstrated that the survivorship of An. gambiae s.l. larvae
was reduced from 55% to 57% in habitats fully exposed to
sunlight to 1– 2% in habitats with full or partial forest
canopy coverage (forest edge habitats). This was attributed
to the high average daily water temperatures experienced in
the open habitats which was approximately 3–3.4C higher
than the forests habitats.
In the inverse relationship between heights of the grass
and larval densities, water temperatures may be explained
by the fact that, as the height of grass increases, less
Mosquito Control Through Habitat Modiﬁcation 493radiative energy reaches the underlying water. According to
Muturi et al. (2007), ﬂoating and emergent vegetation can
obstruct mosquito oviposition and also reduce the amount
of sunlight reaching the aquatic habitat, resulting in low
water temperatures and interference with microbial growth
that forms the main diet for mosquito larvae, leading to
extended larval development time and the probability of
predation (Ye-Ebiyo et al., 2003).
Abundance of predators or pathogens in the habitats
(Service, 1977) constrains the development of adults from
larval habitats. In nature, selective pressure from larval
predators to complete this early life stage could be tre-
mendous (Service, 1977). According to Carlson et al.
(2004), an association of both emergent vegetation and
predator diversity with habitat age was suggested as a
probable factor to describe the negative association ob-
served between emergent vegetation and presence of ma-
laria vectors in man-made habitats. Carlson et al. (2004)
observed a 57% increase in predator taxa found in aban-
doned, vegetated pits and a >50% reduction of Anopheles
larval densities. In ground pools, predators are likely to
regulate mosquito larvae density (Washburn et al., 1995;
Sunahara et al., 2002).
The oviposition behavior of gravid female mosquitoes
may inﬂuence the species composition and the productivity
of breeding sites. Generally, anopheline larvae prefer open
sun-lit waters (Gillies, 1968). Culicine mosquitoes are
known to be more opportunistic in selection of oviposition
sites and have a broader distribution of immatures in
various geographical areas and water body types (Service,
1996). Emergent and ﬂoating vegetation in shaded sites
may obstruct a gravid female from ovipositing (Rao, 1984).
Predators may exert an effect by consuming larvae or
through deterring oviposition into an otherwise suitable
habitat (Angelon and Petranka, 2002).
Lifetableanalysisstudies(Afraneetal.,2005)foundthat
the mean water temperature of aquatic habitats in the
deforested area was 4.8–6.1C degrees higher than in the
forested area; larval-to-adult survivorship was increased to
65–82%;larval-to-adultdevelopmenttime wasshortenedby
8–9 days;andnotonlywasthefraction(4–9%)ofﬁrst-instar
larvae that developed into adults reduced, but the develop-
ment length exceeded 20 days in larval habitats located in
forested areas. The mortality of immatures is affected by
several factors, both biotic (food availability, competition,
predation) and abiotic (rainfall, temperature) factors.
Our ﬁndings suggest that the presence of vegetative
cover can play a strong regulatory role on water tempera-
tures and on mosquito populations in larval habitats, and
agree with other data (Fischer et al., 2002) which found low
mosquito densities in habitats with little shading vegeta-
tion. Therefore, canopy/cover affects the temperature of
larval habitats directly, and food conditions and other
factors indirectly. However, the synergistic effects of these
factors may be more signiﬁcant to larval survivorship and
adult mosquito productivity in highlands than the indi-
vidual factors.
Recent years have seen a reawakening of interest in
control of malaria in Africa by targeting the immature
stages of mosquito species responsible for malaria trans-
mission and the aquatic habitats in which they live (Utz-
inger et al., 2001, 2002a, b; Killeen et al., 2002a, b;
MacIntyre et al., 2002; Fillinger et al., 2003, 2008; Keating
et al., 2003). Fillinger and Lindsay (2006) found that lar-
viciding through application of the larvicidal Bacillus
thuringiensis var. israelensis (Bti) and Bacillus sphaericus
(Bs) reduces Anopheles larval density by 95%, and human
exposure to bites from adults by 92%. While Bti gives good
control initially (within days of application), it does not
appear to persist in most situations. Young mosquito larvae
can appear 3–4 days after treatment of habitats (Mulla,
1990), with no residual activity after 2 weeks in a 4-weekly
application regime (Mulla, 1985).
The proposed method of using Napier grass as a po-
tential environmental management tool for malaria control
in these (and possibly other) areas is based on the wide-
spread practice of Napier grass cultivation and the
importance attached to the particular crop due to its
multiple uses. The strategy is non-chemical and has po-
tential for sustainability once fully integrated in the com-
munity. Community-based participation in vector control
programs has proven to be the most sustainable method of
vector control (Bryan et al., 1994; Wilson et al., 2005).
Napier grass (Pennisetum purpureum) is also known as
‘‘elephant grass,’’ ‘‘Sudan grass,’’ or ‘‘king grass,’’ and is an
improved fodder grass that produces a lot of high-protein
forage. Napier grass also provides straw used for weaving
baskets and provides natural control to stem borers
(Busseola fusca), a major pest of maize and sorghum in
many countries of tropical Africa. If adopted, the use of
Napier grass as a control strategy may also contribute in
alleviating poverty in communities living in the malaria
epidemic-prone highlands of Western Kenya. Additional
studies on the association between anopheline larval
occurrence/abundance and Napier grass cover are currently
in progress. These studies focus on variables such as water
494 Peter M. Wamae et al.quality and chemistry, molecular analysis of food types and
amount present, and predator types and their abundance.
CONCLUSIONS
The call for simple, cheap, acceptable, and environmen-
tally friendly mosquito control tools puts this strategy at
the forefront in reducing vector breeding in such culti-
vated areas in the highlands. The habitat management
strategy manifests important features which render it
distinctively more advantageous than other methods.
These include: (1) Its suitability to conditions of mixed
agriculture, which is prevalent in Eastern Africa. Grass
cultivation can increase both the crop yield and livestock
productivity. (2) The proposed technology introduces
practices which are already familiar to farmers in Africa.
The approach has afﬁnity to the common agricultural
practice of multiple cropping and is based on the use of
economically valuable plants. For example, the cultivation
of Napier grass for livestock fodder and soil conservation
is being encouraged in Eastern Africa, and is already
widely applied. (3) Its contribution to the conservation of
plant biodiversity and in providing a sustainable crop
protection system.
This article presents evidence of how simple environ-
mental water management strategies can be used to effec-
tively control the malaria vectors in their larval stages.
While there are no known harmful effects associated with
the propagation and expansion of rhizomes, it should be
noted that the effectiveness of such a strategy would depend
strictly upon proper establishment and management of
these cover plants (i.e., through proper planting, mainte-
nance, and harvesting regimes) (Orodho, 2006).
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